The presence of the auto correlation and twin cross correlation noises restrict the available spatial bandwidth of the holographic microscopy to much less than the available bandwidth of the digital sensor. Therefore, in order to record the same image area as conventional 2D intensity imaging techniques, several images should be taken. We present two-step phase-shifting off-axis digital holography with maximum space-bandwidth product for three-dimensional (3D) digital holography. Removing the autocorrelation term using a two-step phase-shifting technique significantly increases the available bandwidth for off-axis interferometry. An optimizing super-diagonal two-dimensional (2D) spatial frequency sampling scheme at the sub-Nyquist frequency is employed for performing off-axis interferometry in the absence of the autocorrelation term. The spatial bandwidth of the proposed two-step phase-shifting technique is 400% of that in square scheme off-axis digital holography. Experimental results demonstrate the feasibility of this technique in extracting the 3D morphology of transparent microscopic objects with a larger bandwidth.
I. INTRODUCTION
Digital holographic and interferometric microscopy have become promising technologies for generating threedimensional (3D) topographic information of live cells and nano-scale structures [1] , [2] . Both the amplitude and phase of the waves scattered from samples can be obtained by these methods, and the phase information can be used to reconstruct the geometry or compositional structure of transparent objects without requiring an additional labeling process [3] - [5] . Especially, phase-shifting digital holography has played an important role in extracting object phase information from the light intensity measured by a digital camera [6] - [9] . This technique requires four interferograms, which are sequentially or simultaneously recorded. This
The associate editor coordinating the review of this manuscript and approving it for publication was Bora Onat. process dramatically decreases the space-bandwidth product of the digital holography; on the other hand, increasing the sampling rate is an important problem because there are strong physical barriers for the current technologies to increase the pixel number with a constant frame rate. Although two interferograms are considered sufficient for providing the precise phase of the scattered wave [7] , this technique requires prior knowledge of the intensity of the reference and object waves. An additional estimation or measurement for the reference field is usually adopted to decrease errors in the retrieved phase of the object [8] .
Another technique to extract object phase information is off-axis digital holography that is based on modulation of the scattered signal by a spatial carrier frequency [10] - [12] . Because the phase information in the cross-correlation (CC) term is separated from the intensity information of the auto-correlation (AC) term in the frequency domain, this technique only requires single-shot recording, enabling highspeed data acquisition compared to phase-shifting digital holography. However, separation of the AC and CC terms significantly restricts the space-bandwidth product. It is demonstrated that the maximum bandwidth for single-shot and single hologram using sub-Nyquist scheme is about 2.44 ((4/2.56) 2 ) times compared to that of conventional offaxis holography using the square sampling scheme [13] .
Although several studies claim to have increased the maximum available bandwidth for off-axis holography using multiple sample arms, the maximum bandwidth for single-shot off-axis interferometry with multiple sample arm is experimentally presented in [14] . By using a sub-Nyquist sampling scheme, the available bandwidth area of this technique is more than four times (2(4/2.71) 2 ) that of conventional offaxis holography using the square sampling scheme [14] . However, this technique requires to divide the field of view (FOV) into two FOVs and employ two beams for recording the sample information instead of one sample beam that increases difficulty in alignment. Therefore, despite these recent improvements in the space-bandwidth product of single-shot off-axis holography, the available bandwidth of single-FOV off-axis interferometry is still small compared to the camera bandwidth. Although, Ishizuka [15] demonstrated the optimum sampling schemes for single-FOV off-axis electron holography; however, his schemes for weak scattering objects cannot be applied for optical holographic microscopy with strong scattering objects.
On the other hand, Gross and Atlan [16] suggested a two-step phase-shifting off-axis technique that mapped the frequency domain of strong scattering objects to the frequency domain of the weak scattering objects in the off-axis holography. The technique eliminated the AC term through a two-step phase-shifting method in Mach-Zehnder off-axis interferometry with a low spatial modulation frequency; their technique was employed to increase the spatial sensitivity of off-axis digital holography. Shaked et al. [17] employed this two-step phase-shifting technique to increase the bandwidth of the digital holography. Although the available bandwidth of the object phase information is significantly increased and only limited by the twin CC term, the experimental interferogram demonstrated a very low spatial modulation frequency that limited the available to the square sampling scheme bandwidth [17] . Shan et al. [18] demonstrated that bandwidth improvement obtained through common-path whitelight diffraction-phase interferometry provides better system temporal stability due to the common-path optical configuration. Several other two-step phase-shifting techniques have been presented [19] - [26] ; however, these methods have typically focused on system feasibility rather than spatial bandwidth performance.
In this study, we present a super-bandwidth off-axis digital holographic microscopy technique by employing the two-step phase-shifting technique and optimizing the twodimensional (2D) spatial sampling scheme for recoding the extra information in sub-Nyquist frequencies. First, the two-step phase-shifting off-axis holography of strong scattering objects provides a condition (physically) equal to offaxis holography of weak scattering objects by removing the AC term. Then employing an optimum sampling scheme improves the available bandwidth to half of the available bandwidth of the 2D sensor. The presented technique does not require any prior knowledge of the object intensity. Crosstalk in the frequency domain is avoided because non-occupied frequencies are employed. The experimental results demonstrate at least eight times improvement in the available bandwidth compared to that of previous works with the same number of the images and interferograms [16] - [18] .
II. METHODS AND EXPERIMENT
The off-axis phase-shifting digital holography setup is illustrated in Fig. 1 . Mach-Zehnder type interferometry, which combines the sample arm and reference arm to form an interferogram at the camera plane, was employed for this experiment. A 405-nm laser beam, which was spatially filtered and linearly polarized, was divided by a beam splitter into two separate optical paths. The sample was illuminated by the laser beam, and a 10× objective lens with 0.3 numerical aperture took a diffraction-limited image at its output port. Two half-waveplates, which were placed before the objective lenses in both the sample and reference arms, created different phase shifts between the two arms. By changing the orientation of the half-waveplate in the reference arm, the phase of the reference field changed, and interferograms with different phases were captured. In order to adjust the diameter of the sidebands in the frequency domain, a 4f optical system was placed before the camera. A charge-coupled device (CCD) camera with 640 × 480 pixels and 4.54 µm pixel pitch captured images with 75 frames-per-second. The recorded intensity can be expressed as:
where I R and I S are the intensities of sample and reference beam, respectively, q denotes the spatial modulation frequency by the angular difference between the sample and reference field, β is the phase shift by the half-waveplate at the reference arm, and ϕ is the phase of the object. Phase-shifting by half-waveplate rotation at the reference arm induces changes in the intensity. Taking the difference of the interferograms corresponding to the β = 0 and β = π phase shifts, we obtain the digitally processed phase image given by
In (2), the first two terms of (1) or AC terms are removed; therefore, the available frequencies are increased, and a new sampling scheme should be defined to capture the maximum information with this proposed technique. Fig. 2 compares the different spatial frequency sampling schemes. Off-axis digital holography with square scheme in Fig. 2 (a) has the frequency radiuses of 2k 0 NA/αM for the AC term and k 0 NA/αM for the CC term in the spectral domain of the interferogram, where k 0 = 2π/λ 0 is the wavenumber of the illumination source, α is the resolution criterion factor [14] , M is the total magnification, and NA is the average numerical aperture of the objective and condenser lenses. To prevent information aliasing between AC and CC, the modulation frequency q must be higher than 3k 0 NA/αM . On the other hand, to digitize each sideband according to the Nyquist frequency, the required digital bandwidth should be twice (2k) the maximum bandwidth of that sideband (k = k 0 NA/αM ). Therefore, for Fig. 2(a) , the camera bandwidth should be more than 8k 0 NA/αM . Off-axis phase-shifting digital holography in Fig. 2(b) provides the improved bandwidth of the previous two-step phase-shifting off-axis interferometric techniques [16] - [18] compared to conventional off-axis digital holography with square sampling scheme [3] . Since the AC term is removed through subtraction between I 0 and I π , the only restriction on the modulation frequency is the signal aliasing between CC and the twin CC terms. Thus, the modulation frequency can be decreased from 3k 0 NA/αM to k 0 NA/αM . However, the available bandwidth in this scheme is smaller than the maximum available spatial bandwidth for off-axis holography (Fig. 2(c) ) [13] - [15] , [27] . Fig. 2(d) shows an optimum diagonal sampling scheme for two-step phase-shifting off-axis interferometry. The AC term is removed by the two-step phase-shifting technique, and some parts of the sidebands are recorded in sub-Nyquist spatial frequencies. However, no aliasing occurs because those frequencies were not previously occupied.
The modulation frequency can be controlled by the angle between the reference and sample beams, and the available bandwidth depends on the sensor pixel size. Furthermore, the radius of the sidebands is related to the NA, wavelength, and system magnification. Therefore, a simple way to control the sideband radius is by changing the total magnification of the system. It is demonstrated employing off-axis interferometry, phase-shifting interferometry, or both will not degrade the resolution [12] , [16] , [18] . Therefore, by applying appropriate magnification, the resolution can be preserved. The magnification of commercial objective lenses is limited; therefore, an additional 4f system is needed to adjust the magnification [14] , [27] :
Here, γ is the ratio of the sensor bandwidth to diameter of sideband bandwidth given by where γ = K cam /2k where K cam = 2π/P is the available bandwidth of the camera in one dimension, P is the pixel size, and 2k is the diameter of CC terms in Fig. 2 . Further, M obj is the magnification of the objective lens, and M 4f is the magnification of 4f optical lens system. Note that γ of the maximum spacebandwidth product in Fig. 2(d) is equal to √ 2. In the proposed technique the modulation frequency, q, is proportional to the inverse of γ . Therefore, for the optical system with circular apertures, the total available frequency area, π (k) 2 , in Fig. 2(d) is half of the total available frequency of the camera with circular aperture (circular area), π K 2 cam /4; we should consider that for comparing the bandwidth area of this technique to single-shot techniques, these values must be divided by a factor of two; because two frames are taken. Therefore, the effective bandwidth area is 0.25 of the total camera bandwidth area with circular aperture. This value for Fig. 2(c) is just (1/2.56) 2 = 0.15 for a single frame. These two values compared to total available bandwidth of the camera (square area), K 2 cam , are almost 0.196 and 0.12. Therefore, the proposed technique improves the available bandwidth, more than 63% of the sub-Nyquist scheme using a single hologram off-axis interferometric technique [13] .
According to our knowledge, the only way to optimizing the spatial frequency sampling scheme in off-axis digital holography is based on geometrical methods that depends on the shape of the sensor pixels and optical apertures. In [14] a figure of merit is defined for comparing the maximum available frequency bandwidth in single-shot off-axis technique. However, the quantity cannot be used for multiple shot technique such as phase-shifting or combination of two techniques such as the proposed technique. Here, we modified this quantity (τ value) for multiple frame techniques that temporally employ more bandwidth and multiple color techniques that have different sideband diameters, because of different resolutions for different colors. The new quantity is called T value and can be expressed as:
where, ω i represents the ratio of the non-overlapping area to the total area for the i th hologram, with ω 1 equal to one. k i indicates the radius of the sideband for i th hologram that is important in color holography with different spatial resolution. Finally, N frame is number of the frame that is required for imaging. Unlike the τ value in [14] that shows the ratio of the available bandwidth of the multiple field of view off-axis holography to maximum bandwidth area of single off-axis holography; the proposed T value shows the ratio of available bandwidth for either inline or off-axis techniques to the maximum bandwidth of the camera (square area). We assumed that the optical apertures are circular and the pixel shape is square; however, this equation can be modified for different aperture and pixel shapes. Therefore, T value for the proposed technique is 19.6%, single hologram off-axis interferometry with sub-Nyquist scheme is 12%, and square sampling scheme is 4.9%. For a laser source with NA con = 0, the magnification of the system can be expressed as
According to (4), for the employed objective lens, the magnification of the 4f system should be 5.75. Therefore, we have selected the magnification of 6, which is closest magnification to 5.75 possible by using combinations of commercial lenses. The modulation frequency equals the sideband's radius (if the sensor's pixels are square) and can be simply adjusted in the Mach-Zander interferometer by tilting the reference beam.
III. RESULTS AND DISCUSSIONS
The feasibility of the proposed technique in removing the aliasing noise for two different cutoff frequencies (windows) was experimentally demonstrated by 3D imaging of polystyrene microspheres with 15, 20, and 30 µm diameters. The refractive index (RI) of the microspheres was 1.627 when immersed in a liquid with RI ∼1.604. Fig. 3(a) and (b) show the interferograms of the system background with 0 and π phase shift, respectively. These images were obtained only once before starting the experiment to remove the optical path length difference caused by the optical components and background noise. The sample image with 0 and π phase shifts are shown in Fig. 3(c) and (d) , respectively. Fig. 3(e ) and (f) show the interferograms obtained by subtracting the π phase shift image from the 0 phase shift image for the background and sample images, respectively. The zoomed portions in Fig. 3(b) and (e) show that AC term is properly removed. The Fourier transform of Fig. 3(c) shows a strong AC term that is mixed with CC terms ( Fig. 3 (g) ). Fig. 3(h) shows the Fourier transform of Fig. 3 (f) that indicates an acceptable reduction of the AC frequency. Fig. 3 (i) and (j) show the frequency domains of Fig. 3 (c) and (f), respectively, after cropping the information with a cut-off circular filter. Although the frequencies are mixed with the AC term in Fig. 3(i) , the AC term is appropriately removed in Fig. 3(j) by the two-step phase-shifting technique. Note that the system is very sensitive to the dust and requires an accurate alignment to appropriately remove the effect of the DC [17] , [18] . To perform phase retrieval, we employed the Fourier method described in [27] and [28] to obtain the phase, and we used an unwrapping algorithm to resolve any phase ambiguity.
The reconstructed phase of the sample obtained by off-axis interferometry (OI) and by the proposed super-bandwidth two-step phase-shifting off-axis interferometry (SBOI) is shown in Fig. 4. Fig. 4(a) shows the phase of the sample obtained by cropping the spatial frequencies by a window that covers only 60% of the OI object frequencies. This small window reduces the effect of aliasing in OI at the cost of losing 40% of higher frequencies of the sample. To compare the effect of this low-pass filtering, we also employed it on the phase obtained by SBOI in Fig. 4(b) . In Fig. 4(a) , the resolution was degraded compared to Fig. 4(b) , and the background noise level was increased. This result occurred because the AC frequencies, found throughout the image, mixed with the CC frequencies in almost all of the available camera bandwidth. Fig. 4(c) and (d) show the extracted phase by employing a full window size to preserve all object frequencies using OI and SBOI, respectively. As shown in Fig. 4(c) , OI failed in reconstructing the phase with a super bandwidth scheme because of mixing with the strong frequencies of the AC term. On the other hand, Fig. 4(d) shows that the proposed super-bandwidth technique successfully extracts the object phase. As can be observed in Fig. 4(d) , the system preserved higher spatial frequencies that are caused by the defects in the sample. Furthermore, the resolution in Fig. 4(d) is significantly higher than that in Fig. 4(b) ; although the window size of the filter is larger than the Fig 4(a) , the noise level of the system remained low. This result is in a good agreement with the previously reported techniques [17] , [18] that mentioned the resolution and sensitivity are preserved in the two-step phase-shifting off-axis holography. The available bandwidth in the proposed technique is improved eight times ((4/ √ 2) 2 ) compared to [16] . According to the carrier frequency that is shown in Fig. 3 (b) of [17] , it is even more than eight times of the available bandwidth area in [17] . This bandwidth area is also more than eight times than the experimental bandwidth area in [18] , it might be because they employed a small carrier frequency for their white light technique to preserve the coherency on the entire field.
IV. CONCLUSION
In summary, we have developed super-bandwidth off-axis interferometry by employing a two-step phase-shifting technique and sampling scheme optimization. The two-step phase-shifting technique removes the AC frequencies that are the main source of restricted bandwidth in off-axis holography. In the absence of the AC term, the optimized diagonal scheme has a bandwidth that is eight times that of previously reported techniques and four times that of single-shot offaxis interferometry with a square scheme. The experimental results of the microscopic transparent samples demonstrate the capability of scan-free imaging, even for critical sampling. The ability to increase the space-bandwidth products without employing more optical components in the setup can significantly improve our vision of microscopic objects. We expect that the proposed technique will open new avenues in high-resolution, large FOV 3D imaging techniques that lack spatial bandwidth.
